Gamma rhythms (~20-70 Hz) have been reported to be abnormal in mental disorders such as 24 autism and schizophrenia in humans, and Alzheimer's disease (AD) models in rodents. 25 However, the effect of normal aging on these oscillations is not known, especially for elderly 26 subjects (>49 years) for which AD is most prevalent. In a first large-scale (149 subjects; 61 27 females) electroencephalogram (EEG) study on gamma oscillations on elderly subjects (aged 28 50-86 years), we presented full-screen Cartesian gratings that induced two distinct gamma 29 oscillations (slow: 20-34 Hz and fast: 36-66 Hz). Power and centre frequency significantly 30 decreased with age only for fast but not slow gamma or alpha. This result was independent of 31 microsaccades and pupillary reactivity to stimulus. Steady-state visual evoked potentials 32 (SSVEPs) also reduced with age, but in more posterior regions compared to gamma. These 33 results are crucial first steps towards using gamma/SSVEPs as biomarkers of cognitive decline 34 in elderly. 35 36 37 2/45 Significance statement 38 No study in humans has examined visual narrow-band gamma oscillations with healthy aging 39 in elderly subjects. In a first large-scale (~150 subjects) EEG study on stimulus-induced narrow 40 band gamma in cognitively normal elderly (>49 years) humans, we show that both power and 41 centre frequency of fast gamma (36-66 Hz) decrease with age, while changes in other rhythms 42 such as slow gamma (20-34 Hz) or alpha (8-12 Hz) do not. Steady-state visual evoked potential 43 (SSVEPs) in gamma range also decrease with age, but in more posterior regions of the brain. 44 Any EEG-based biomarker is accessible and affordable to patients of a wide socio-economic 45 spectrum. Our results are an important step for developing such screening/diagnostic tests for 46 aging-related diseases, like Alzheimer's disease. 47 48 3/45 93 and recording EEG, and studied how slow and fast gamma and alpha oscillations, as well as 94 slope of the PSD, varied with age in elderly subjects. In a subset of subjects, we examined 95 SSVEPs in gamma frequency range (32 Hz) as well. 96 5/45
Introduction 49
Gamma rhythms are narrow-band oscillations often observed in the electrical activity of 50 the brain, with centre frequency occupying ~20-70 Hz frequency range. Previous studies have 51 Artifact rejection 172 We first discarded bad stimulus repeats separately for each unipolar electrode. We applied 173 a trial-wise thresholding process on both raw waveforms and multi-tapered spectra. For raw 174 waveforms, we first high-pass filtered the signal at 1 Hz to eliminate slow trends if any. We 175 then discarded repeats for which the filtered waveform amplitude within a defined time period 176 of -700 ms to 800 ms of stimulus onset exceeded a threshold of 6 times the standard deviation 177 from the mean amplitude of that repeat (this typically happened during movement or an 178 electrical artifact). We also calculated mean amplitude of the waveforms across repeats in the 179 defined period for every electrode and discarded those trials that exceeded a similar threshold.
180
For spectral thresholding, we calculated multi-tapered PSD for every repeat (without any 181 offline filters) from -700 ms to 0 ms of stimulus onset using Chronux toolbox (Mitra and Bokil, 182 2008, http://chronux.org/, RRID:SCR_005547), using 5 tapers. We discarded repeats in which 183 the spectral power in 120-200 Hz range was above a threshold of 3 times the standard deviation 184 from the mean power in that frequency range across all repeats for each electrode separately. 185 We did this to ensure that repeats with flat power spectra (similar to white noise) were 186 discarded. We did this separately for each block for each subject. 187 In addition, we calculated slopes (see Data Analysis subsection) of PSD (calculated with 188 1 taper and averaged across repeats, after removal of noisy repeats) for each block in 56 Hz to 189 84 Hz range (to include the fast gamma range), for the ten unipolar electrodes on which our 190 main analyses were based (see Data Analysis subsection): P3, P1, P2, P4, PO3, POz, PO4, O1, 191 Oz, O2. Previous studies have shown that in clean electrophysiological data, PSD slopes are 192 typically between 0.5 to 4.5 (Podvalny et al., 2015; Shirhatti et al., 2016; Muthukumaraswamy 193 and Liley, 2018; Sheehan et al., 2018) . We therefore discarded blocks (67/410, i.e. 16.3% from 194 Gamma experiment, shown in Figure 2a ) that did not have mean slopes between 0.5-4.5 and 195 standard deviation of <3 across the ten electrodes described above. We then pooled data across Overall, within analyzed blocks, there were 33.7±8.2 (mean±STD) and 39.5±6.6 repeats 204 (for Gamma and SSVEP experiments) for every stimulus across all elderly subjects (31.3±6.8 205 and 34.1±7.9 for young subjects) during recording across all analyzable unipolar electrodes 206 (i.e., those electrodes with impedance <25 KΩ). From these, we rejected 18.0±14.6% and 207 17.1±16.1% of repeats (mean±STD, for Gamma and SSVEP experiments respectively, 208 including those discarded for fixation breaks as explained above) for elderly subjects and 209 7.4±7.7% and 6.5±7.9% for younger subjects. Therefore, in spite of our stringent criteria for 210 bad trial rejection, more than 80% of the data could be used for analysis. For all analyses (unless otherwise mentioned), we used bipolar reference scheme. We re-214 referenced data at each electrode offline to its neighboring electrodes. We thus obtained 112 215 bipolar pairs out of 64 unipolar electrodes (Murty et al., 2018, depicted in Figure 3e ). For each 216 of these bipolar electrodes, we considered the union of bad stimulus repeats for the two 217 constituting unipolar electrodes as bad for that bipolar electrode and rejected from analysis.
218
Further, we discarded a bipolar electrode if either of its constituting unipolar electrodes had there was no significant correlation between the number of trials and age. We considered the 223 following bipolar combinations for analysis, except for scalp maps: PO3-P1, PO3-P3, POz-224 PO3 (left anterolateral group); PO4-P2, PO4-P4, POz-PO4 (right anterolateral group) and Oz-225 POz, Oz-O1, Oz-O2 (posteromedial group), depicted in Figure 3d . 226 We analyzed all data using custom codes written in MATLAB (The MathWorks, Inc, 227 RRID:SCR_001622). We computed PSD and the time-frequency power spectrograms using 228 multi-taper method with a single taper using Chronux toolbox. We chose baseline period 229 between -500 ms to 0 ms of stimulus onset, while stimulus period between 250 ms to 750 ms 230 to avoid stimulus-onset related transients, yielding a frequency resolution of 2 Hz for the PSDs. 231 We calculated time frequency power spectra using a moving window of size 250 ms and step 232 size of 25 ms, giving a frequency resolution of 4 Hz. 233 We calculated change in power in alpha rhythm and the two gamma rhythms as follows: 234 ∆Power i,j = 10(log 10 ST i,j − BL ave ), where BL ave = 1 . ∑ ∑ (log 10 BL i,j ) 235 Here, STi,j and BLi,j are stimulus and baseline PSD powers summed across the frequency range 236 of interest (excluding 50 Hz for line noise) for each of the rhythms for spatial frequencies ∈ 237 [1, 2, 4 cpd] and orientations ∈ [0º, 45º, 90º, 135º]. We then averaged change in power across 238 the 3 SFs and 4 orientations to yield the final change in power in each band. Note that due to 239 this averaging, on average more than 200 stimulus repeats were available for analysis, yielding 240 very reliable estimates. For calculating center frequency of gamma rhythms, we used the 241 average change in PSD across spatial frequencies and orientation. We then defined the center 242 frequency for a gamma rhythm as the frequency at which the change in power was maximum 243 within that gamma range. For SSVEP experiment, there was only one condition: grating 244 counter-phasing at 16 cps. Hence, we took the power at 32 Hz frequency for analysis.
245
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We generated scalp maps using the topoplot.m function of EEGLAB toolbox (Delorme 246 and Makeig, 2004, RRID:SCR_007292), modified to show each electrode as a colored disc, 247 with color representing the change in power of slow gamma/fast gamma/SSVEP from baseline 248 in decibels (dB).
249
For Figure 2 , we calculated slopes for baseline PSDs from SF-orientation experiments as 250 mentioned in a previous study (Shirhatti et al., 2016) . We fitted the average PSD across all 9 251 bipolar/10 unipolar electrodes with a power-law function as follows: Microsaccades and pupil data analysis 268 We detected microsaccades using a threshold-based method described earlier (Murty et 269 al., 2018), initially proposed by (Engbert, 2006) . In brief, we categorized eye movements with 270 12/45 velocities that crossed a specified threshold for at least a specified duration of time as 271 microsaccades. We set the velocity threshold between 3-6 times the standard deviation of eye-272 velocities and minimum microsaccade duration between 10-15 ms for every subject so as to 273 maximize the correlation between peak velocity and amplitude of all microsaccades for that 274 subject (also called a "main sequence", see Engbert, 2006 for details), while maintaining the 275 minimum microsaccade velocity at 10º/s and the microsaccade rate between 0.5/s and 3.0/s. Results 289 We recorded EEG from 149 elderly subjects aged 50-86 years and 46 subjects aged 20-290 49 years while presenting full-screen sinusoidal grating stimuli on a computer monitor. The 291 stimuli differed in spatial frequency and orientation. Each stimulus was presented for 800 ms 292 following a baseline period of 700 ms. The subjects were required to maintain fixation 293 throughout the trial (containing 2-3 stimuli), while their eye-data was recorded for offline 294 analysis. For analysis, we pooled the data across the four orientations (0º, 45º, 90º, 135º) for all 295 subjects, as orientation selectivity was reported to be very low for humans for both slow and Interestingly, alpha (8-12 Hz) power suppression was very weak in this subject. We also plotted 315 power spectral densities (PSD) in the baseline period (dotted black trace in Figure 1b ) and 316 stimulus period (250 ms to 750 ms; solid black trace in Figure 1b ) and change in power 317 spectrum (blue trace in Figure 1b ). Prominent 'bumps' in the slow and fast gamma range were 318 noticeable in PSD in the stimulus period as well as change in spectrum. Also, no 'bump' was 319 noticeable in the baseline PSD in the alpha range for this subject. These changes were most 320 prominent in the parieto-occipital and occipital electrodes, as seen in the scalp maps for the 321 bipolar reference case in Figure 1c .
322
For accurate estimation of gamma (especially fast gamma), it is essential that the power 323 in the gamma range of the EEG signal is above the noise floor. For noisy EEG, we observed 324 that the PSDs tended to become flat, potentially because of white noise. Therefore, we chose 325 only those blocks for analysis (343 out of 410 blocks recorded from 195 subjects) that had 326 mean baseline PSD slopes between 56-84 Hz in the range of 0.5-4.5 and standard deviation <3 327 across 10 electrodes listed above for unipolar reference (Figure 2a ). Subjects who did not have 328 any usable blocks were removed from analysis, leaving 128 elderly (56 females) and 44 young 329 (15 females) subjects. For these subjects, we then pooled data across all useful blocks to 330 compute the power.
331
Note that the younger subjects were from a different cohort compared to the elderly 332 subjects and did not go through the cognitive tests or clinical evaluation that elderly subjects 333 went through (some of these tests were not even applicable to them). Therefore, while we show 334 and analyse all results for younger subjects (aged 20-49 years) for completeness, our primary 335 emphasis was to characterize gamma and other spectral signatures as a function of age within 336 the elderly population (>49 years), for which we divided these subjects into two groups: 50-64 337 years (55 subjects; 32 female) and >64 years (73 subjects, 24 female). Baseline power of slow and fast gamma did not vary with age 339 A recent study (Voytek et al., 2015) has suggested rotation of PSDs with age such that 340 power at frequencies above ~15 Hz is higher in elderly subjects compared to younger subjects, 341 leading to flatter PSDs in elderly subjects. This could potentially bias the estimation of change 342 in power in slow and fast gamma range in subjects of different age groups as higher baseline 343 power in these rhythms in older subjects may lead to lower estimates of change in power.
344
Hence, we first checked whether there was any difference in baseline PSDs across age. We 345 calculated mean baseline PSDs of 10 unipolar electrodes and 9 bipolar electrodes separately. 346 We compared PSDs between 2-200 Hz in the two elderly groups as well as the younger group 347 ( Figure 2b ), and males versus females (averaged across all ages; Figure 2c ).
348
Because our primary emphasis was comparison within the elderly group, we first 349 compared the PSDs between the two elderly subgroups, and found them to be very similar 350 (dark and light gray traces in Figure 2b ). We performed a two-way ANOVA on alpha, slow 351 gamma and fast gamma with age-group (50-64 or >64 years) and gender as factors and found 352 that age group was not significant for any band (p>0.05 in all cases). We also computed Pearson 353 correlation between baseline alpha/slow/fast gamma power and age and did not find significant 354 correlation in any condition.
355
As observed in Figure 2b , the main difference was a significantly higher 'bump' in the 356 alpha range in younger subjects versus elderly, while the PSDs were largely overlapping in 357 other frequency bands. Also, females had higher power than males up to ~50 Hz but not for 358 higher frequencies ( Figure 2c ). We quantified this by using a two-way ANOVA with age-group in slow/fast gamma ranges (p>0.07 in all cases; Figure 2b ). Between males and females, the 363 difference in baseline power was significant in alpha and slow gamma ranges, but not for fast 364 gamma (alpha/slow/fast gamma: F(1,169)=6.8/25.5/5.5, p=0.01/1.1*10 -6 /0.02 and 365 F(1,169)=7.4/27.8/0.9, p=0.007/4.1*10 -7 /0.3 for unipolar and bipolar reference, significance 366 level set to 0.05/4 = 0.0125 after Bonferroni correction). 367 We did not find any rotation of the PSD with age as reported previously (Voytek et al., 368 2015). To quantify this, we computed the slopes between 16-44 Hz (see Methods for details; 369 this range was chosen to avoid the bump in the alpha band at the lower end and the 50 Hz noise 370 at the higher end, and also because the PSDs were overlapping beyond 50 Hz). Two-way 371 ANOVA with age (young and elderly) and gender (male and female) as factors showed no 372 significant difference in the slopes between young and elderly subjects for either unipolar or Figure 1b) . Further, when we performed partial correlation 382 of slopes with age and baseline alpha power, slopes were significantly correlated with alpha 383 power (rho=0.55, p=1.0*10 -14 and rho=0.58, p=4.1*10 -17 for unipolar and bipolar cases 384 respectively) but not with age (rho=0.12 and -0.02 for unipolar and bipolar, p>0.1 for both). 385 Thus, PSD slope was not influenced by age, but by baseline alpha power. We discuss these 386 results in the context of the findings of Voytek and colleagues in the Discussion. Gamma was observed in more than 80% of subjects 388 As reported in our earlier study (Murty et al., 2018) and as in Figure 1 , gamma was best 389 observed, as a response to full-screen 100% contrast cartesian visual gratings, in bipolar 390 referencing scheme compared to unipolar. Hence, we limited further analysis to bipolar 391 referencing. We divided the 9 bipolar electrodes mentioned above into 3 groups (Figure 3d revealed that fast gamma power was less in males of >64 years age-group compared to 50-64 426 years age-group, the difference was not noticeable in females. Slow gamma remained 427 comparable in both the elderly age-groups for both genders. We quantified these observations 428 by regressing change in slow and fast gamma power across age separately for elderly males 429 and females (data not shown). Regression slope was negative (β=-0.018) and significant 430 (p=0.0049) for fast gamma in elderly males, but not in other cases. However, there are two 431 points to note in our data. First, number of females was less than number of males in younger 432 (male:female = 29:15) and >64 years (49:24) age-groups. Second, most of the elderly females 433 were less than 70 years of age (median age for males and females was 69 and 62.5 years 434 respectively for subjects >49 years of age), leading to lower age-range compared to males. The To avoid such statistical misinterpretation and because the main objective of our study 438 was to study the variation of gamma power across age (and not gender), we pooled data across 439 both genders and two elderly age groups and then regressed slow and fast gamma power with Next, we studied the potential contribution of eye-movement including microsaccades 470 and pupillary diameter on our results. Figure 7a shows mean eye-position for each of the elderly 471 age-groups in horizontal (top row) and vertical (middle row) directions (thickness represent 472 SEM). Eye-position did not vary in the two age-groups in either direction. Further, we extracted 473 microsaccades for every analysed trial for every subject in the two age-groups (see Materials 474 and Methods), yielding a total of 21051 and 25748 microsaccades for the two age-groups. 475 Figure 7b shows a scatter plot of peak velocity versus maximum displacement for each 476 microsaccade (a plot called "main sequence", see Engbert, 2006) . These plots were highly 477 overlapping for these two groups. Both the elderly groups had similar microsaccade rates (β=-0.01, R 2 =0.01, p=0.33 for slow gamma and β=-0.02, R 2 =0.04, p=0.03 for fast gamma, 484 Figure 7c ). 485 We next tested if pupillary reactivity to stimulus presentation affected change in gamma 486 power with age. We calculated mean coefficient of variation (CV) of pupil diameter across 487 every analysable trial for all 127 subjects (eye data was unavailable in one subject). We (Figure 8b ). Insets in Figure 8b show a zoomed-501 in image of the respective change in PSDs to show the difference in these peaks for the three 502 age-groups. Amongst the elderly age-groups, the mean SSVEP change in power was less in the 503 >64 years age-group compared to 50-64 years age-group in both males and females, although 504 the trend seemed to be more significant for males. Same is reflected in the bar plots in Figure   505 8c (top row). We pooled data across both genders for the two elderly age-groups and regressed power at 32 Hz decreased significantly with age for both posteromedial and anterolateral group 508 of electrodes, although the effect was stronger for the former (β=-0.14, R 2 =0.08, p=0.004 for 509 posterolateral group and β=-0.12, R 2 =0.05, p=0.03 for anterolateral group, data not shown). 510 We noticed the same in the mean scalp maps for all analysable electrodes across all subjects in 511 the three age-groups depicted in Figure 8d . decreased with age in these subjects. As there was no significant change in baseline slow/fast 520 gamma power, eye-position and microsaccade rate across age, we ruled out the possibility that 521 the age-related variations in gamma could be because of such factors. Further, we also studied 522 variation of 32 Hz SSVEP power with age and noticed negative correlation, especially in the 523 posteromedial group of electrodes. All these results were also analysed for a cohort of younger 524 subjects (aged 20-48), and the results were consistent with previous reports on gamma 525 oscillations and some of the trends observed in the elderly population. Previous studies have suggested reduction in baseline alpha power in elderly subjects 529 compared to younger subjects in the eyes-closed state (Babiloni et al., 2006) . Also, task-related 530 modulation of alpha power was seen to be reduced in older adults compared to younger subjects 531 (Vaden et al., 2012) . In our study, we observed that baseline alpha power in the elderly was 532 less than that for young subjects; however, it did not fall further amongst the elderly age-group 533 (Figure 2b) . Similarly, alpha suppression during the stimulus presentation was less in elderly our study however, we did not notice any correlation between baseline PSD slopes and age, 543 especially for elderly subjects. There are several reasons that could have led to this discrepancy. Second, we found that PSD slopes were correlated with baseline alpha power, which was 549 higher in younger versus elderly. A similar correlation of slopes with alpha power was also 550 reported by Muthukumaraswamy and Liley (2018) in human MEG and EEG as well as monkey 551 ECoG. Importantly, these parameters (broadband slopes and alpha power) were 552 indistinguishable in the two elderly age-groups (50-64 and >64 years) over which most of our 553 analyses were carried out. gamma oscillations in macaques (Murty et al., 2018) . Consistently, we did not find any effect 560 of microsaccades on age-dependent decrease of fast gamma power in this study. 561 It is possible that retinal illuminance is reduced due to senile pupillary miosis, which is 562 indirectly reflected in the reduced pupillary reactivity to stimulus presentation across age 563 (Figure 7c ). Other abnormalities of peripheral visual system age-related increase in density of 564 crystalline lens, age-related macular degeneration, etc. could have had affected our results 565 (Owsley, 2011) . The subjects did not undergo a thorough ophthalmic examination due to the 566 limitations of the study. However, we argue that the results presented here are likely due to 567 neurophysiological effects of aging on three grounds. First, in addition to a reduction in fast 568 gamma power, there is a reduction in gamma centre frequency with age, which is harder to 569 explain based on the abnormalities listed above. Second, any pathology in the eye should have 570 had affected slow gamma, fast gamma and SSVEPs in similar ways, which is not the case here: 571 slow gamma did not vary with age, and fast gamma and SSVEP showed variation with age 572 more strongly in different groups of electrodes (anterolateral and posteromedial, respectively). at 20 Hz for >64 years age group was slightly higher than that for other age-groups, especially 583 26/45 for females (light grey trace in Figures 4b and 5b ). This has important implications for 584 calculation of gamma power. Because raw power falls off with increasing frequency, the 585 overall band power is influenced by the power at lower frequency limit of the band. This could 586 be one reason that the mean change in slow gamma power seemed higher for females of >64 587 years age-group than other age-groups in bar plots in Figures 4c and 5c , even though the 588 younger subjects have a taller peak (at ~28 Hz) than the two elderly groups (Black trace in 589 Figures 4b and 5b ). However, we did not observe the negative trend of slow gamma with age 590 to be significant (Figure 6b ). This could be because of two reasons: firstly, the frequency 591 resolution of our analysis was limited to 2 Hz. Moreover, slow gamma frequency range itself 592 is small, spanning 14 Hz. This may have limited the significance of the trend given the large 
